During the first four cell cycles in Xenopus, islands of germ plasm, initially distributed throughout the vegetal half of the egg cortex, move to the vegetal pole of the egg, fusing with each other as they do so, and form four large cytoplasmic masses. These are inherited by the vegetal cells that will enter the germ line. It has previously been shown that germ plasm islands are embedded in a cortical network of microtubules and that the microtubule motor protein Xklp1 is required for their localization to the vegetal pole [Robb, D., Heasman, J., Raats, J., and Wylie, C. (1996). Cell 87, 823-831]. Here, we show that germ plasm islands fail to localize and fuse in Xklp1-depleted eggs due to the abrogation of the global cytoplasmic movements known as surface contraction waves (SCWs). Thus, SCWs are shown to require a microtubule-based transport system for which Xklp1 is absolutely required, and the SCWs themselves represent a cortical transport system in the egg required for the correct distribution of at least one cytoplasmic determinant of future pattern.
INTRODUCTION
During the first cell cycle in many different organisms, defined cytoplasmic movements take place that are required for the later formation of cell lineages, or for their arrangement into a functional body pattern. In Xenopus, a global cortical rotation movement is required for the formation of all dorsal axial structures (Scharf and Gerhart, 1980; Vincent et al., 1987; reviewed in Gerhart et al., 1989) , while the localization of germ plasm to the vegetal pole is required for the formation of the germ line (Akita and Wakahara, 1985; Buehr and Blackler, 1970) . In addition, there are distinct global movements in the egg, whose role in normal development is uncertain. For example, periodic surface contraction waves arise at the animal pole and pass through the cortex of the egg, preceding each cleavage division (Christensen and Merriam, 1982; Hara, 1971; Hara et al., 1980; Perez-Mongiovi et al., 1998; Rankin and Kirschner, 1997; Sakai and Kubota, 1981; Sawai, 1982; Yoneda et al., 1982) . Cortical rotation and germ plasm localization have been shown by inhibitor studies to require an intact microtubule skeleton.
We showed previously that germ plasm islands are embedded in a dense feltwork of microtubules, and that their localization to the vegetal pole of the early embryo requires the kinesin-like protein Xklp1 (Xenopus kinesin-like protein-1; Robb et al., 1996) , a plus end-directed microtubule motor protein that is also required for spindle assembly and/or maintenance and cytokinesis (Vernos et al., 1995) . However, germ cell movements are complex, and the localization occurs in discrete steps, as revealed by elegant time-lapse analysis (Savage and Danilchik, 1993) . First, germ plasm islands move with the cortical cytoplasm in the cortical rotation movements. Following cortical rotation, local movements of each island bring adjacent islands together, and third, germ plasm islands appear to be pushed toward the vegetal pole by the surface contraction waves that pass through the egg, from animal to vegetal, before each cleavage division. All three phases of germ plasm movement are microtubule-dependent (Savage and Danilchik, 1993) . Since germ plasm does not localize in Xklp1-depleted eggs, it must be required for one or more of these microtubule-dependent components.
To dissect further the role of Xklp1 in this process, we analyzed each phase of germ plasm movement using timelapse photography after depletion of Xklp1 mRNA in the oocyte. We found that Xklp1 is not required for cortical rotation movements of the germ plasm, which occur normally in its absence, but is required for subsequent movements of the germ plasm, particularly the surface contraction waves. We conclude that the microtubule motor Xklp1 is required for the surface contraction waves in Xenopus eggs, and that contraction waves are required for the correct localization of germ plasm to the vegetal pole. This loss-offunction experiment shows also that surface contraction waves should be added to the list of morphogenetic cytoplasmic movements that are required for the localization of determinants in Xenopus.
MATERIALS AND METHODS

Oocyte Manipulation
Individual lobes of ovary were surgically explanted from mature female Xenopus laevis, and oocytes were manually removed from their follicles and cultured in oocyte culture medium (Zuck et al., 1998) . Oocytes were injected with antisense oligonucleotide Xklp1-A (5Ј-acaGTTGGCTCATTCTCctg-3Ј, in which the lower case letters denote phosphorothioate linkages), as described previously (Robb et al., 1996) , maintained in culture at 18°C for 24 h, matured by the addition of progesterone for 15 h, and fertilized by the host transfer technique described previously (Holwill et al., 1987) . For assays of the different phases of germ plasm localization in living oocytes, oocytes were prick-activated either with fine glass needles or tungsten needles 15 h after progesterone treatment, and cultured in OCM in slide chambers so that they could be viewed continuously using an inverted confocal microscope (Biorad 1000). In order to visualize the germ plasm, oocytes were immersed in either Mitotracker (chloromethyl X-rosamine, 1 M for 1-2 h) or DiOC6 (1g/ml for 10 min), washed in OCM, and mounted in the slide chamber. Northern and Western blot analyses of injected oocytes were carried out exactly as described previously (Robb et al., 1996) .
RESULTS
Xklp1 mRNA Depletion Blocks Germ Plasm Localization, but Does Not Block Cortical Rotation of the Germ Plasm Islands
It has previously been shown (Savage and Danilchik, 1993 ) that islands of germ plasm move with the cortical rotation movement that occurs during the second half of the first cell cycle in Xenopus. Since it is much simpler to study the effects of antisense ablation in oocytes, rather than in fertilized embryos, we first sought to establish whether cortical rotation also occurs in prick-activated oocytes. The plan of the experiments reported here is shown in Fig. 1 . Oocytes were matured in vitro by using progesterone, stained using either Mitotracker or DiOC6, and activated by pricking. These vital dyes stain mitochondria. We (Robb et al., 1996) and others (Savage and Danilchik 1993) have shown that the high concentration of mitochondria in the germ plasm allows visualization of living germ plasm using these dyes, and that other components of germ plasm colocalize with the islands of dense mitochondrial staining. Movies were made of the vegetal poles of stained prick-activated oocytes. As seen previously by Brown et al. (1994) , the time of initiation (30 -40 min after activation), duration (40 min), and degree (2-300 m distance) of cortical rotation movements were the same in prick-activated oocytes as they are in early embryos (data not shown).
Next, Xklp1 mRNA was depleted in cultured oocytes by injecting an antisense oligodeoxynucleotide used previously to deplete Xklp1 mRNA "Oligo-A" in Robb et al. (1996) . In the experiments reported here, the degrees of mRNA and protein depletion were monitored by Northern blots, PCR, and Western blots, and were the same as those reported previously using this oligo (see Figs. 1A and 1B of Robb et al., 1996) . The degree of oligo-mediated protein depletion in the matured oocyte was quantitated using IP Labgel software from scanned autoradiographs of Western blots from three separate experiments. Depletions were 70, 48, and 58%, respectively. The injected oocytes were matured in vitro 24 h later and treated with 1 M progesterone, and 15 h hours later, prick-activated. Individual movies of uninjected and Xklp1-depleted oocytes are shown as " Fig. 2 Control. Cortical Rotation" and " Fig. 2 Xklp1-inj. Cortical rotation." These movies show that cortical rotation movements happen normally in both control and Xklp1-depleted activated oocytes. In each sequence, the whole group of germ plasm islands moves to the right of the frame, leaving the vegetal cytoplasm free of germ plasm islands to the left. During the cortical rotation of the germ plasm islands, they change shape but maintain their spatial relationship to each other. m), respectively, while those in the Xklp1-depleted oocyte moved 100, 93, and 93 m (average: 95 m), respectively. There was little variation between individual islands in one oocyte. Variation was greater between different oocytes; the averages, measured and calculated as above, for three control movies and three Xklp1-depleted movies were 99, 79, and 138 m in the controls, and 141, 95, and 92 m in Xklp1-depleted oocytes.
Because analysis by confocal movies allows only one activated oocyte to be analyzed at a time, each experiment was repeated three times, and in each experiment, the effects seen in movies were correlated with the overall effects on germ plasm localization. Three hours after activation, the same oocytes were photographed under a fluorescent microscope to assess the degree of germ plasm localization. The results are shown in Figs. 2C (untreated) and 2F (xklp1-depleted). In each case, the oocyte shown is the same one depicted in the movie frames. Despite the fact that cortical rotation happened normally in the xklp1-depleted oocytes, the germ plasm did not go on to aggregate into large masses localized at the vegetal pole.
We conclude that oocytes that have been matured in vitro and prick-activated display cortical rotation of the germ plasm which is identical to that previously reported for fertilized eggs, and that depletion of Xklp1, to levels that abrogate germ plasm localization at the vegetal pole, has no significant effect on cortical rotation movements of the germ plasm in the same oocytes.
Movements of Germ Plasm Occurring after Cortical Rotation, Including Surface Contraction Waves, Do Not Occur in Xklp1-Depleted, Prick-Activated Oocytes, and Fertilized Eggs
The second phase of germ plasm localization reported previously (Savage and Danilchik, 1993 ) is a local movement that occurs after cortical rotation is over, and in which germ plasm islands move toward each other and fuse locally into larger masses. Fig. 3 shows frames, 40 min apart, from two movies (A and B ϭ untreated, C and D ϭ Xklp1-depleted), each starting immediately after the end of cortical rotation (between 1 and 1.25 h, depending on temperature). The movies from which these frames are taken are shown as " Fig. 3 Uninj. phase 2 movts" and " Fig.  3 Xklp1-inj. phase 2 movts." In the untreated oocyte, local movements bring some, but not all, adjacent islands of germ plasm together into single masses. In particular, they enlarge, which causes their edges to come into contact, thus giving the illusion of moving together, although the area of the egg occupied by all the germ plasm islands does not change significantly during this process (compare Figs. 3A  and 3B ). In the Xklp1-depleted movie, the end of cortical rotation is occurring at the beginning of the movie, followed by a "rebound" wave of movement in the opposite direction. This is seen in all oocytes, both control and Xklp1-injected. Its significance is unknown. Following this movement, no further local movements of germ plasm take place (compare Figs. 3C and 3D) .
A third phase of germ plasm movements has been described (Savage and Danilchik, 1993) in which the previously reported surface contraction waves drive the islands of germ plasm, initially distributed over most of the cortex of the vegetal hemisphere, toward the vegetal pole. Fig. 4 shows frames from the time-lapse movies " Fig. 4 Uninj. SCW-1" and " Fig. 4 Xklp1-inj. SCW-1," and shows the effect of a passing surface contraction wave in an untreated oocyte ( Figs. 4A and 4B ). As the wave passed through the oocyte cortex, the germ plasm islands were pushed together at the vegetal pole. One surface contraction wave preceded each cleavage division in the embryo, and although prick-activated oocytes did not cleave, the surface contraction waves passed through the germ plasm islands on schedule. Figures 4C and 4D show frames from a movie of an Xklp1-depleted oocyte, after cortical rotation has finished (filming period 2 h until 3 h after activation). During this period, at least two surface contraction waves passed in untreated oocytes. In the xklp1-depleted oocytes, no wave-like movements of germ plasm islands took place, and there was no further aggregation of the germ plasm.
In the movies shown in Fig. 4 , we noticed that the germ plasm islands in Xklp1-depleted oocytes appear to move to the surface of the activated oocytes and spread out. This suggested either that surface contraction waves were occurring and germ plasm had become uncoupled from them, or that surface contraction waves themselves require Xklp1. To distinguish between these possibilities, we studied the effects of Xklp1 depletion on surface contraction waves themselves, in other areas of the embryo. Such a study is at the limit of analysis in prick-activated oocytes, which start to die after about 4 h in culture. However, we found that surface contraction waves can be observed directly under the dissecting microscope in the normal embryos, if the vitelline membranes are first manually removed. So control and xklp1-depleted oocytes were fertilized by the hosttransfer method (Holwill et al., 1987) , manually devitellined halfway through the first cell cycle, and assayed for surface contraction waves passing across the surface of the embryo by time-lapse micrography. The movies " Fig. 5 Contr. and Xklp1-inj. SCW" show a surface contraction wave passing from the animal (pigmented) pole in the control oocyte (blue), but not in the Xklp1-depleted oocyte (red). Figure 5 shows four individual frames from the movie at 12 (A), 8 (B), and 4 min (C) before appearance of the first cleavage furrow. The control egg is blue and the Xklp1depleted egg is red. The position of the surface contraction wave is marked by an arrow in each frame. During the passage of the surface contraction wave across the control egg, there is only a disorganized and random surface move-ment in the Xklp1-depleted egg. Since it was only possible to film one egg at a time in these experiments, we repeated this experiment three times, and each time correlated the lack of surface contraction waves in the egg with lack of cleavage in the whole population of eggs. For the experiment shown in Fig. 5 , the numbers of eggs cleaving normally from the same batch of fertilized eggs, at the two cell stage, was: 0 ng oligo, 15/16 eggs cleaved normally; 6 ng oligo, 0/10 cleaved normally.
Specificity of the Antisense Experiments
The specificity of the oligo used here has been demonstrated previously. The effects of the oligo both on mitosis (Vernos et al., 1995) and germ plasm localization (Robb et al., 1996) can be rescued by subsequent injection of Xklp1 mRNA. This together with the fact that random oligos, and oligos directed against different mRNAs (EP cadherin, plakoglobin, ␣-catenin, Xklp2, axin, and many others), do not cause any of these effects (data not shown), show that the effects of the oligo are specific. The movie shown in " Fig. 6 . Xklp1 rescue" is additional evidence that the effects of the Xklp1 antisense oligo can be rescued by subsequent injection of Xklp1 mRNA. In the movie, the brown eggs are uninjected (lowest row), the mauves received 5 ng Xklp1 oligo, the reds received Xklp1 mRNA only (600 pg), and the blues (upper row) received both Xklp1 oligo, followed 24 h later, by mRNA. In this experiment, 4 out of 16 oligoinjected eggs eventually cleaved, while 17 out of 23 oligo ϩ mRNA eggs cleaved normally.
DISCUSSION
Xklp1 was originally identified in a pcr screen for cDNAs encoding motor domains characteristic of the kinesin family (Vernos et al., 1993) . Antibodies raised against Xklp1 showed that it is enriched in nuclei and on chromosomes, which caused it to be identified as a chromokinesin. Functional assays using antisense experiments in vivo, and antibody experiments in egg extracts showed that it functions in spindle assembly or maintenance. Embryos depleted of Xklp1 contain highly abnormal spindles, and the egg does not undergo mitosis or cytokinesis (Vernos et al., 1995) . Subsequently, Xklp1 was also shown to be required for one of the cytoplasmic movements in the fertilized egg, the localization of germ plasm (Robb et al., 1996) . Each of these events is blocked by oligo-mediated depletion of Xklp1 mRNA in oocytes, and the blockage is rescued by reinjection of Xklp1 mRNA, demonstrating the specificity of this method. However, the precise role of Xklp1 in these movements has remained uncertain. The ability to visualize germ plasm in living embryos, and to make movies of the events of its localization, has added a powerful new tool to analyze the roles of individual cytoskeletal proteins in the cytoplasmic movements taking place in eggs.
Germ plasm islands are embedded in a dense network of microtubules (Robb et al., 1996) . It is not clear whether components of the germ plasm are attached by kinesins and other microtubule associated proteins (MAPs), which move them along the microtubules, or whether microtubules in the germ plasm slide along other cortical microtubules. By the end of localization, the germ plasm has a denser matrix of microtubules than the rest of the cortex (Robb et al., 1996) , which supports the possibility of microtubule:microtubule sliding. Until living microtubules can be visualized at the same time as the germ plasm in Xenopus eggs, this question cannot be answered.
Germ plasm movements are complex, and occur in three phases (described by Savage and Danilchik, 1993) . Between 30 and 50 min after activation (or fertilization), germ plasm islands do not move toward each other, but move relative to the rest of the egg in the global cortical rotation movement. From 50 to 70 min, germ plasm islands perform local movements which begins to bring them together; following this, a series of wavelike movements pushes the germ plasm islands together at the vegetal pole. From these studies, and knowing that Xklp1 was required for germ plasm localization, it was not intuitively obvious which movement required Xklp1. By making movies of each phase of movement, we found that it is principally the third phase of movement that is affected. Once this was established, there remained two possible roles for Xklp1. First, it could connect germ plasm components to the microtubule skeleton, and in its absence, the germ plasm became disconnected from the surface contraction waves in the egg. Second, it was possible that Xklp1 was required for either initiation or maintenance of the surface contraction waves themselves. Movies of the whole egg confirmed that it was the latter. In Xklp1-depleted eggs, no surface contraction waves occur. A role for Xklp1 in this movement is consistent with previous evidence that the microtubule inhibitors nocodazole and tubulazole-C inhibit the SCWbased aggregation of germ plasm islands (Savage and Danilchik, 1993) , and that organized microtubules are found in the egg cortex at the time of first cleavage furrow formation (Danilchik et al., 1998) .
Surface contraction waves first begin at the animal pole, about 10 min before first cleavage, and spread to the vegetal pole of the egg. The first cleavage furrow forms when the SCW has reached the equator of the egg. Subsequent SCWs precede each cleavage division. (Hara, 1971; Hara et al., 1980; Yoneda et al., 1982) . Each wave has two components, first a relaxation wave, and then a contraction wave (Rankin and Kirschner, 1997; Sawai, 1982; Yoneda et al., 1982) . The relaxation wave is initiated by activated MPF, and the contraction wave requires inactivation of MPF, suggesting that the complex movement is controlled by a wave of MPF activity traveling from animal to vegetal poles (Rankin and Kirschner, 1997) .
It is not known whether SCWs are active cortical events or outward manifestations of changes in the underlying cytoplasm (Rankin and Kirschner, 1997) , neither is their molecular basis understood. SCWs are resistant to cytochalasins (Christensen and Merriam, 1982) and concentrations of colchicine that block mitosis (Hara et al., 1980 ; but see Savage and Danilchik, 1993) . However SCWs occur at about the time when the deep cytoplasm of eggs has an increased gelled state, which is sensitive to colchicine (Elinson, 1983; Yoneda et al., 1982) . Their elimination by depletion of Xklp1 is strong evidence that the propagation of the SCW is based on a microtubule motor mechanism. One of the cargoes involved in this mechanism must be germ plasm, but there may be others that are involved in patterning of the embryo.
Many questions remain to be answered. It is not clear what Xklp1 binds to, and transports, during a SCW. It is not known what other molecules, in addition to germ plasm, are moved by SCWs in the animal/vegetal axis in FIG. 4. Phase three (surface contraction waves) in control (A, B) and Xklp1-depleted (C, D) activated oocytes. In the control, frames are 15 min apart and are immediately before and after the passage of a single wave, which occurred 1.5 h after oocyte activation. The highlighted islands of germ plasm are pushed together by the wave, as are the groups surrounding them (not highlighted), and the total area of egg cortex occupied by germ plasm islands is reduced. In the Xklp1-depleted, the frames are 50 min apart, starting 1 h after oocyte activation. During this period, at least two waves normally occur in control eggs. The total area occupied by germ plasm islands remains the same. Scale bar, 74 m. the egg. What is clear is that the cortical microtubules in the Xenopus egg represent a transport system that moves cytoplasmic elements in the animal/vegetal axis, and are thus more important than has previously been realized.
